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© Geranylgeranyl diphosphate synthase and DNA coding therefor. 

^ © DNA coding for thermostable geranylgeranyl diphosphate (GGDP) synthase derived from Sulfolobus ac- 
O 'docaldarius is provided. The DNA is useful for production of GGDP synthase, which is t in turn, useful lor 
O production of GGDP. 
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BACKGROUND OF INVENTION 
1 . Field of the Invention 

5 The present invention relates to DNA sequence for production of geranylgeranyl diphosphate synthase 
derived from Sulfolobus acidocaldarius and a transformant with said DNA as well as processes for 
production of the geranylgeranyl diphosphate synthase and of geranylgeranyl diphosphate using said 
enzyme. 

io 2. Related Art 

Geranylgeranyl diphosphate (GGDP) has four double bonds and includes eight geometrical isomers. 
GGDP is synthesized in vivo by condensation of isopentenyl diphosphate and farnesyl diphosphate, and is 
an important intermediate for biosynthesis of isoprenoids and isoprenoid-containing compounds such as 
75 calotenoids, diterpenes, vitamines etc. GGDP synthases are found in bacteria, plants, fungi and algae. A 
large amount of the native isomer of isoprenoids is expressed by introduction by genetic engeneering 
technique of a gene for GGDP synthase into an appropriate host, and where GGDP synthase is provided in 
low cost, it can be used for the production of the native isomer of GGDP. 

In such a point of view, researches of genes coding for bacterial GGDP synthase and manipulation 
20 thereof as well as the production of the synthase have been attempted, and so far only two bacterial genes 
derived from different sources are known (photosynthetic bacterium Rhodopseudomonos capusulata (J. 
Bacterid. 154, p. 580 - 590, 1983; and a phytopathogenic bacterium Erwinia uredovora (J. Bacteriol., 172, p. 
6704 - 6712. 1990). These GGDP synthases are unstable, and for example, an enzyme derived~from 
Erwinia uredovora is rapidly inactivated at 55 *C (see, Table 3). 

25 

SUMMARY OF THE INVENTION 

The unstable enzymes derived from that mesophiles are not sufficient for practical production of GGDP, 
and especially it is essential to produce a thermostable GGDP synthase. Accordingly, an object of the 
30 present invention is to provide primary structure of a gene coding for a thermostable GGDP synthase for 
developing a process of production of the thermostable GGDP synthase, and to modify microorganisms 
originally not producing GGDP (such as E. coli) to produce GGDP. 

To achieve the above object, we found a GGDP synthase expressed from DNA fragment of Sulfolobus 
acidocaldarius which is known as an extreme thermophile and acidophilic archaebacterium bacterium. We 
35 succeeded to express the GGDP synthase using genetic engineering technique. 

The present invention provides a DNA coding for GGDP synthase derived from Sulfolobus acidocal- 
darius , a recombinant vector having said DNA, as well as recombinant microbial cells to which said gene is 
introduced by said vector, and the use thereof for the production of GGDP synthase or GGDP per se. 

40 BRIEF EXPLANATION OF DRAWINGS 

Fig. 1 represents an insert DNA fragment and a restriction enzyme map thereof in plasmids pGGPSl 
and pRVII-1 containing the present DNA sequence. "E" and "H" represent EcoRI and Hindlll recognition 
sites respectively. 

45 Fig. 2 represents a result of analysis of products of a reaction catalyzed by product from plasmid 
containing DNA of the present invention. Panel A represents a result of thin layer chromatography using 
LKC-18, and panel C represents a result of that using Kiselgel 60 TLC. Panel B is for a control sample 
analysed by LKC-18. Circles a, b, c, d and e correspond to geraniol, (all-E) farnesol, (all-E) geranylgeraniol, 
(2Z, 6E, 10E) geranylgeraniol and (all-E) decaprenol respectively. 

so Fig. 3 represents thermostability of the present GGDP synthase by determining the remaining enzyme 
activities. The symbols, solid circle, white circle, cross, solid square, and solid triangle show result of 
treatment at 60 • C, 70 • C, 80 * C, 90 • C and 1 00 • C respectively. 

Fig. 4 represents the purification steps of the present GGDP as a fusion protein with MBP. 
Fig. 5 is a graph showing GGDP synthase activity at each step shown in Fig. 4. 

55 Fig. 6 is a graph showing an enzymatic activity of a Purified MBP-GGDP synthase determined by 
Grindey-Nichol method. 

Fig. 7 is an autoradiogram of TLC showing products formed by reaction of the present fusion protein 
with various alyllic substrates. 
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DETAILED DESCRIPTION 
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According to the present invention DNA coriinn fnr rrn D ~ tL 
the expression thereof, provide P^^gSpI^Z ** ° NA Unit «• 

s for the amino acid sequence shown in SEQ h NO: 1 l^sS^^"^ ° NA ' S that "** 
sa,d amino acid sequence and an additions amino •^•J^^^"** I ° NA COdin 9 f " 
particular example of such a DNA is that having the nucfenfrk IT example, as a fusion protein). A 

One embodiment of the present gtT^Tc^aT, * 0Wn SEQ 10 N0: 

Me, and ending at 330th Lys in SEq'd NO: , Ho^ Le ~ ""J"*™* ™* the ** 

0 post-franslationa. processing, or the desired enzyme Z'£Z£ I M * b ' em ° ved by 

pept,de. In these cases, the codon coding for the first Met fe nof nr P J « Pr ° te ' n another 
the present invention, the present gene encodes a d ITnUn^ ACC ° rdin9 t0 ™ embodiment of 
the second Ser and ending at the Lh ly^Ea Z ZT * " **" * U SequenCe starti "9 ««• 

■ « 6 2C^^ ?r 3 " UC,e0tide «■* the first nuceotide 

substitution, addition and/or deletion of one or more^Sdes " ant,fiC,al mUtation such as 

enco^te^ ^e 9 nz;rtv?a CT Srenc ,he * * * <*». a g^ 

add sequence drived 'Z^^^Z T^TZ^TT ^ SEQ ,D 
shown in SEQ ,0 NO: ,. for example' homo«i o a , J^90% aTi^T T, ^ ^ Se « Uence 
present invention includes not only a gene ^lina for GfinP^ ,t u * ' eaSt 88% ' Ac ^"9'y. the 
shown in SEQ ID NO: ,. bu, also gene'enccTg ^ X^ZS^S^^ «*' "*""» 

acd sequence with at least 95% homology, for examole 98? HoLl . P Synthase activit y and an amino 

It is well known for an enzyme that in Z^ l t h ° m0lo 9 y to *»» shown in SEQ ID NO: 1. 
particular amino acid residues ^^S^S^^ h ** 3 

of one or a few amino adds can be carried o^SSL ^ " Substrtuti °"- deletion and/or addition 
regions. Using general technique such as sheeted mZeLS 17™ * SUCh "^^entia. 

we can modify up » 0 20 amino acids, fortxamp e U H ^ 

addition of an amino acid sequence can be donTuln resSclr 3C,ds - Substitution, deletion and/or 

The present invention includes a gene wl^nc^^ 
including an amino acid sequence shown in siov^TLT^^ GGDPsynthase ^-ity and 
add-on of up to 20 amino acids, for example, up to ,10 am no^cSs " SUbstitution - dele <™ and/or 

DNA fragment of the present invention cJ be p^^L^, t 
described in detaii hereinafter from Sufo.obus iSSSJTSi Pr ° CedUre ^ 86 kn ° Wn 35 
m «w»5wi»n.i™ rom '"^tutes storing various 

Namely, the present DNA can be oreoared bv ? PUp0S9 <0r USins the DNA 

darius. cleaving the extracted ^tiJT^^ir^-^ acidoca '- 
fragments. inserting the fragments to vectorf^ ^^^^^^ 

comprising a DNA coding for a desired enzyme by Scton of ,h. a vector 

definite procedure is described in Example 1 a) to d) express™ of the desired enzyme. A 

Since the present invention discloses a particular mirbntiHo ~ 
comprising said nucleotide sequence or a S^SS^'SS T^'" 9 GG ° P Synthase ' DNA 
chemica. synthesis. This DNA fragment or a """* om te by 

DNA encoding a protein having GGDP synmase Vet v^l^, * ** Pnmar t0 Synthesize a 
directed mutagenesis or PGR method. * C ° rd ' n9 t0 3 con «nfional procedure such as site- 

The present invention provides recombinant vectors comnrkinn «, u 
the present invention. The recombinant vector <Z ^ conte^T reo 2 u DNA fragment of 

synthase gene. ta ' n a re 9 l0n hav,n 9 Unctions to express the GGDP 

It is known that there are two regulation steos nf tho 
Conventional host cel. of E. coli has also fZ!^^,^^!^ — ^slation. 

transcription initiation of mRNATwild type s-uerce S iZ * , . promo,or sequences controlling the 
as we.l as mutant thereof (for ^KSJ^SST^ ' ^ ^ ' PP ' PU Pa t6t T3 " 77 eto > 
example, tac. frc etc., are known. £J Sn £ Tsedt S ST ^ UenCeS ° f P " Bra * r S6quences <'°' 
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expression (for example, a vector containing rrnBT1T2 is commercially available from Pharmacia). 

Vectors which can be used for construction of the present recombinant vectors include commercially 
available vectors per se, and vectors modified according to purposes. For example, pBR322, pBR327. 
pKK223-3, pKK233-2, pTrc99 etc. having a replicon derived from pMB1; pUCl8, pUCl9, pUCl18. pUCH9, 
5 pHSG298, pHSG396, which have been modified to increase the copy number; pACYCl77, pACYC184 etc. 
having a replicon derived from p15A; as well as plasmids derived from pSC101. ColEl, R1, F-factor etc. are 
mentioned. 

Moreover, in addition to plasmids, viral vectors such as X phage, M13 phage etc.. and transpson can be 
used for introduction of a gene into a host. These vectors are described in Molecular Cloning (J. Sambrook. 

io E.F. Fritsch. T. Maniatis; Cold Spring Harbor Laboratory Press); Cloning Vector (P.H. Pouwels. B.E. 
Enger* Valk, W.J. Brammer; Elsevier); and various catalogues attached to commercial products. 

We can introduce a DNA fragment coding for GGDP synthase and. if necessary, a DNA fragment which 
can control expression of said enzyme gene into a vector according to known methods using appropriate 
restriction enzymes and ligases. as described in detail hereinaftar. Plasmids PGGPS1 and pMalGGl are 

75 representative examples of the present plasmids thus constructed. 

Microorganisms to be transformed with a recombinant vector thus obtained include Escherichia coli or 
microorganisms belonging to the genus Bacillus . CaCI 2 method, protoplast method etc., as describedln7for 
example, Molecular cloning (J. Sambrook, E.F. Fritsch, T. Maniatis; Cold Spring Harbor Laboratory Press), 
DNA Cloning Vol. I to III (D.M. Glover; IRL PRESS) etc. can be used for transformation. 

20 A typical transformant of the present invention can be obtained as pGGPS1/DH5a. 

We described methods for expression of the desired gene in E. coli above in detail, according to the 
present invention. A DNA coding for a GGDP synthase can be introduced into other conventional expression 
vectors according to conventional procedures, such as other prokaryotic cells, lower eukaryotic cells 
including unicellular host such as yeast, or higher eukaryotic cells such as silk-worm cells. These 

25 transformed host cells can be cultured to produce GGDP synthase enzyme. 

These transformants or recombinant microbial cells can accumulate GGDP synthase in the cells or in 
the culture medium while culturing in a medium suitable for said ceils such as E. coli. We can prepare 
GGDP synthase from the cells as follow; lysing the cells with physical disraption orliylreatment with a cell- 
lysing enzyme, removing cell debris to prepare a cell-free extract containing the enzyme, and then isolating 

30 and purifying GGDP synthase. We recommend lysozyme as cell-lysing enzyme and sonication as physical 
disraption. Most of proteins derived from E, coli is denatured by heating at 55 *C. The enzyme can be 
isolated and purified by various chromatographies including gel filtration chromatography, ion exchange 
chromatography, hydrophobic reversed chromatography, and ultrafiltration and the like alone or in combina- 
tion. Reducing reagent such as 0-mercaptoethanol, dithiothreitoi et al., protecting agent against proteases 

35 such as PMSF, BSA etc., or metal ions such as magnesium ion can be used to stabilize the desired 
enzyme during isolation and purification processes, as an enzyme stabilizer. 

Activity of GGDP synthase can be determined by/for example, a method described in Example 1. e) It 
is recommended to isolate and purify GGDP synthase while checking enzyme activity. 

The present invention further provides a process for production of GGDP. We can make a host 

40 transformed with a DNA encoding GGDP synthase contain DNAs coding for other enzymes in a GGDP 
biosynthesis pathway. This recombinant can synthesize GGDP by calturing, which can be then prepared 
and purified. 

According to the present invention, the above-mentioned transformant is cultured to produce GGDP 
synthase, and the isolated enzyme or enzyme-containing product such as partially purified enzyme sample, 
45 enzyme-containing cells etc. can be used with substrates, i.e., isopentenyl diphosphate, dimethylallyl 
diphosphate, geranyl diphosphate or famesyl diphosphate to synthesize GGDP, which is then recovered. 

EXAMPLES 

so We show primary structure of nucleotide sequence, plasmids and transformants in the following part as 
well as GGDP synthase and GGDP of the present invention. The present invention is not limited within 
these Examples. 

Example 1. 

55 

We carried out procedures with reference to, mainly, the above-cited Molecular Cloning, and DNA 
Cloning as well as catalogues from Takara Shuzo. Most of enzymes were purchased from Takara Shuzo. 
Reversed phase thin layer chromatography (TLC) plates LKC-18 were purchased from Whatman, Kieselgel 
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60 thin-layer chromatography (TLC) plates LKC-18 were purchased frnm u. 

ATCC 33909 used in the present invention is registered !n an^ aciaoca^ 
Type culture Collection (ATCC). available without any limitationlr^TAr^r^ 

a) Preparation of chromosom al DNA from Sulfolobus acidocaldarius 

Cells of ATCC 33909 strain were cultured in the 1723 mpHh.m «u . - 
DNA was prepared from the cultured cells b^^^^^ ^ G * M 
by Wiley Interscience. 9 6nt Protoco| s m Molecular Biology published 

b) Preparation of a genomic DNA library of Sulfolobus acidocaldari,,* 

fractionated, and DNA was extracted SLS^^^T^ 9 , ° NA ' ra9men,s of 3 to ° kbp was 
p.asmid DNA Ceaved with Bam^d^ 

cocktail was used to transform E. coli DH5a The Lisformpn* f 9 NA ,,9ase " ^ n 9 atio " 

constructed was screened. ~ ~ transformants were then stored at -70 • C. The library thus 

c) Preparation of constant r e lls cafryina D|asmjd pACYC ., B 

^<£Z:«X 9 ene, and ^ (p h y toene 

- 6712 0990)). Swin^o-^is-^aiaible fro^TCCt^, ii * ^ J " BaCten ' al - ^" 6704 
kbp DNA fragment can-bTclo^d. for instance 2'^, * FT" ^ LB medium - ^ 2 8 
.obe DNAs synced from a or ^ n^e 9 SST^^^^ 

*» a «—» en 2 yme EcoRI. and 

ed- The .igaton cccktai. was tSen usJto £^£!£ggZ£, S ' " d de P hos P^ 
by CaCfe method. P AOYC - |B/ PH5a. Competent calls were prepared 

d) Selection of GGDP synthase gene 

the DNA was used to transform the E. coli Z£?S?£ L ' "* 1 ° nan ° 9ramS ° f 

mentioned method c). The inmsfomSteWe aired ™ " L E^Lf n T, prepared b * "» 
tetracycline and 50 ug/ml ampicillin. agar p,a,es containing 50 ug/ml 

10 positive red colonies were obtained bv visually » 

these 10 colonies a plasmid named pGGPS la SSS'n 7 ^ ^ tra " s,0 «. Among 
PGGPS1 insert DNA was subclonedL pUClTs ^^TnT ^ ^ "* * Hind '" fra9ment in 
carrying me crt. and crtB gene. This Cone pl^^Z^S^T" ™° ^ 2? c* 

gene in the Hindi., fragment was demonstrated. nucSj?2S^lL^7E" °' ^ Sy " thaSe 
dideoxy chain termination method sequence of this 2.3 kbp was determined by 

Rg As a result, the 2, kbp fragment included two open reading frames (ORP-, and ORF-2) as shown in 

Accordingly, a plasmid pRVl 1-1 lacking the downstream ORF ? 
of an expression product was determined according Z ™^<*< and enzyme activity 

e) Assay of GGDP synthase activity 

The plasmid pRVl 1-1 obtained in the above-mentioned method <i\ ^ ^ 
which was then cultured in 100 ml of LB medium contailTso LIT "^l* * m *° m ^ ^ DH5q. 
cells were harvested and disrupted by sonicationTnZTo ^ fT'^ 3t 3? * C 0vemi 9 ht - ^ 
EDTA. 50 mM Tris-HC. (pH^and the herniate w£ heated a, « ? C ° T 1 
t0.000 x g for 10 minutes. The supernatant Z used "a ^T£oP * 
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The assay mixture contained, in a final volume of 1 ml, 0.48 u mol of [1- U CJ isopentenyl diphosphate 
(1.92 GBg/mmol), 25 u mol of (all-E) farnesyl diphosphate. 5 u mol of MgCI 2 . 25 u mol of Tris-HCI <pH6.8) 
and 0.3 mg the above crude enzyme. This mixture was incubated at 55 • C for 30 minutes, and chilled in an 
ice bath to stop the reaction. The reaction mixture was extracted with 3 ml of 1-butanol saturated with water, 
and the radioactivity in the 1-butanol layer was counted to determine GGDP synthase activity. A result is 
shown in Table 1 . It was shown that all of the clones thus obtained have a gene which was expected to 
encode a thermostable GGDP synthase. In addition, an assay of an extract from the clone containing 
pRV11-1 showed that the ORF-1 is GGDP synthase gene. 

Table 1 



Result of assay for GGDP synthase activity derived from plasmid of the present 
invention (Radioactivity of 1-butanol extract is shown in dpm unit.) 


Cell-free extract from: 


Enzyme activity (dpm) 


E. coli DH5a (no heat treatment) 
E. coli DH5or (heat treatment) 
E. coli DH5a/pGGPS1 (heat treatment) 
E.coli DH5a/pRV11-1 (heat treatment) 


3,310 
0 

11,900 
8,770 



f) Analysis of GGDP synthase product 

Identification of a product produced by the heat-denatured cell-free extract was carried out. 

The products obtained from the incubation of [1- U C] isopentenyl diphosphate and furnesyl diphosphate 
with a cell-free extract from selected positive transformant were hydrolyzed with an acid phosphatase 
according to a method of Fujii et al. (Fujii et al M (1982) Biochim. Biophys. Acta 712, p. 716 - 718). The 
hydrolyzed alcohols were extracted with pentane. The pentane-soluble products were analyzed by reversed 
phase LKC-18 thin layer chromatography using a mixed solvent of acetone/water (9:1) and normal phase 
Kieselgel 60 thin layer chromatography using a mixed solvent of benzene/ethyl acetate (9:1). A result is 
shown in Rg. 2. It is clearly shown that the radio-active alcohol derived from the recombinant product is (all- 
E) geranylgeraniol which is a derivative from (all-E)-GGDP. 

Accordingly, successful cloning of GGDP synthase gene from Sulfolobus acidocaldarius was confirmed. 

g) Partial purification of GGDP synthase derived from cloned gene 

A heat-treated cell-free extract from a cell lysate of recombinant E. coli carrying a GGDP synthase gene 
was precipitated with 30 - 60% saturation of (NmfcSO^ The precipitated protein fraction was dialyzed and 
chromatographed on a DEAE Toyopeart 650M column (1.0 x 16 cm) equilibrated with buffer A (1 mM 
EDTA, 10 mM Tris-HCI (ph7.7)); Elution was performed with a linear gradient from 0 to 0.85M NaCI in buffer 
A. Fractions containing GGDP synthase were collected and dialyzed against buffer A- The dialysate was 
applied to a Mono Q column (5 x 50 mm) equilibrated with buffer A; Elution was performed with a linear 
gradient of 0 - 0.85M of NaCI in buffer A. A fraction containing GGDP synthase was analysed by 10% SDS 
polyacrylamide gel electrophoresis and the gel was stained with Coamassie Briliant Blue. 

After these operations, a specific activity reached 8.7 nmol/min./mg protein. 

h) Substrate specificity of GGDP synthase derived from cloned gene 

Substrate specificity of GGDP synthase derived from the cloned gene was tested using allyl 
diphosphate substrates shown in Table 2. As a result, it was found that dimethylallyl diphosphate, geranyl 
diphosphate and (all-E) farnesyl diphosphate can be substrates. 
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Table 2 





ISubs^atespeanaty of GGDP synthase derived from Coned „^^Z=— T"! 


5 


Substrate 


Enzyme activity (dpm) 


10 


Dimethylallyl diphosphate 

Geranyl diphosphate 

(all-E) Farnesyl diphosphate 

(2Z. 6E) Farnesyl diphosphate 

(all-E) Geranylgeranyl diphosphate 

(2Z, 6E, 10E) Geranylgeranyl diphosphate 


24,900 
20,900 
15,300 
260 
0 
50 



,S 0 Thermostability of GGDP synthase H anved from doned nfina 

^2^£S?^r ST^f* was heat-treated and 
maintained. A result is shown in Fig 3 1 °° m ' nUteS ' at teast 9 5% of activity was 

20 was^r^ therm0StabiUty ° f GGDP ^ **" <™ SwiDia uredovora (product o, crtE, 



Table 3 



Thermostat,,,* of GGDP synthase derived from Erwinia ur^^r^~ 


Combination of treatment 


Remaining activity 


55*C5min. 
55*Cl0min. 
55'C30 min. 


55% 
47% 
3% 



35 



40 



Example 2. Production of GGDP synthase 

«£EXZ^^ <PCR> ^ M « ^ - ^ove-mentioned p lasmi d pGGPS, as a 
GGPP-I BamHI (26 mer. 5'-CGC CGA TCC ATG AGT TAC TTT CAf a a ^ 
GGPP-T EcoR. (25 mer. 5'-GG GAA TTC TTATU^Sl^^^ '° N0: 2 >" and 
and the reaction composition shown in Table 4 V amol^ n£ , ' ( E ° ' D N ° : 3) ' 

region of GGDP synthase gene of the presentation ' * * """P™** to the coding 



Table 4 



Reaction composition of PCR 


Template DNA 

10 pmol/ul primer 1 (GGPS-I BamHI) 
10 pmol/ul primer 2 (GGPS-T EcoRI) 
dNTP mix (Takara Shuzo) 
AmpliTaq (5 U/u!) 

lOx AmpliTaq buffer (Takara Shuzo) 

1 u/ul perfect match polymerase enhancer (Stratagene) 

Distilled water 


1.0 ul 
1.0 ul 
1.0 ul 
4.0 ul 
1.0 ul 

10.0 ul 
1.0 Ul 

81.0UI 


Total 


100.0 Ul 
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The PCR condition was 30 cycles of 90 *C for 30 seconds, 50 *C for 30 seconds and 72* C for one 
minute. After finishing the reaction, the amplified DNA was precipitated with ethanol at -80 'C, cleaved with 
a restriction enzyme EcoRI, blunt-ended, and further cleaved with a restriction enzyme BamHI to obtain a 
DNA fragment of about 1 kbp coding for GGDP synthase. 

5 A commercially available plasmid pMAL-c2 (NEB, USA) was used as a cloning expression vector. In 
this plasmid, a DNA fragment (the name of gene: malE ) coding for maltose-binding protein (sometimes 
designated MBP hereinafter) is inserted downstream of tac promoter, and a cloning sites for desired gene 
(DNA) is present downstream of the malE. Accordingly, where a gene encoding a desired polypeptide is 
inserted into the cloning site and the gene is expressed, then a fusion protein of the MBP and the desired 

io polypeptide is formed, and the fusion protein can be purified in a single step by an amy lose resin affinity 
chromatography. 

The plasmid pMAL-c2 was cleaved with a restriction enzyme Hindlll, blunt-ended and cleaved with a 
restriction enzyme BamHI. The resulting DNA fragment was ligated with the PCR-ampIified DNA fragment 
coding for the GGDP synthase so as to obtain a recombinant plasmid pMalcGGl. The ligation and blunt- 

75 ending were carried out using a ligation kit and blunting kit of Takara Shuzo. 

This recombinant plasmid was used to transform E. coli TOPP cell NO. 2 (Stratagene) (competent cell). 
The transformed cells were cultured on a YT plate medium resulting in formation of 6 colonies. These 
colonies were cultured in 2xYT liquid medium at 37 *C, and plasmid DNA was prepared. We tested to 
confirm that the recombinant plasmid was correctly constructed by cleavage with EcoRV, and checking size 

20 of DNA bands by electrophoresis. Note that the correct recombinant plasmid, when cleaved with EcoRV, 
provides two DNA fragments of 5.1 kbp and 2.5 kbp. 

The plasmid pMalcGGl was used to transform E. coli pACYC-IB/DH5o (Ohnuma at al. t J. Biol Chem. 
1994; 269 (20): 4792 - 4791) to obtain a transformant pMalcGGl, pACYC-IB/DH5a. Note, the E. coli pACYC- 
IB/DH5a already has plasmid pACYC-IB, and the pACYC-IB contains enzymes which joins two geranyl- 

25 geranyl diphosphate (GGDP) (the number of carbon atoms: 20) to form phytoene, and further contains gene 
for desaturation, and expresses these genes. 

The transformant was cultured over night in 100 ml of LB medium, and then was inoculated to 1L of LB 
medium, and cultured at 37 • C under the stirring conditions at 300 rpm. 

When cell concentration reached to kelett = 30 to 40, 10 ml of 100 mM IPTG was added to the culture 

30 to induce the transcription, and culturing was further carried out for 4 hours. As a control, a sample was 
taken immediately before the addition of IPTG. The culture was centrifuged to collect the cells, which were 
then disrupted by sonication. White protein samples after induction of expression with IPTG and before 
induction of expression with IPTG were analyzed by SDS-polyacrylamdie gel electrophoresis (SDS-page) as 
shown in Fig. 4 wherein IPTG ( + ) and IPTG (-) were referred to respectively. As a result, it was confirmed 

35 that fusion protein of about 70 kb was abundantly present in the IPTG ( + ) lane. SDS-page was performed 
according to Wiley et aJ. f Current Protocols in Molecular Biology and using a miniproteo-ll cell apparatus of 
Bio Rad, and gel was stained with Coomassie Brilliant Blue and dried using a gel drying kit of Promega. 

The above-mentioned cell disruptant was centrifuged to fractionate into a supernatant and a precipita- 
tion. An analysis by SDS-PAGE for these fractions are shown in Fig. 4 as "Sonication sup." and "Sonication 

40 ppt." respectively, ft is could be found that the fusion protein of about 70 kb was transferred to the 
supernatant. The supernatant was heated at 60 * C for one hour, and denatured protein was removed by 
centrifugation so as to obtain a supernatant. A result of analysis therefor is shown in Fig. 4 as "Sonication 
sup. (h + )". It is confirmed that impurity was removed and the fusion protein was enriched. 

Next the fusion protein was purified by affinity chromatography. For the purification, the above- 

45 mentioned supernatant was filtered through a 0.45 urn or 0.20 um membrane filter, and the filtrate was 
passed through a column (2.5 x 10 cm) filled with 15 ml of amylose resin, and elution was carried out 
according to a protocol of NEB attached to the plasmid pMAL-c2. The eluant was desalted with PD-10 
column (Pharmacia), to obtain about 3.4 mg of fusion protein. The fusion protein wad heated at 60 • C for 
one hour. A result of SDS-PAGE for the fusion proteins prior heating and after heating is shown us "Fusion" 

so and "Fusion (h +)" respectively. It is confirmed that the fusion protein was not denatured by heating. 

Next, the fusion protein thus obtained was cleaved with Factor Xa to liberate GGDP synthase. A result 
of SDS-PASE for the cleavage product is shown in Fig. 4 as "Fusion (digested)", and for the cleavage 
product heated at 60 *C for one hour as "Fusion (digested) (h + )\ As a result, it was confirmed that GGDP 
synthase was partially liberated. 

55 In addition, for each fraction described above, GGDP synthase activity was measured by method 
described in Exmple 1 . e). This assay was carried out as follow. A solution containing 2 ug of protein, 5 mM 
MgCI 2 , 10 mM KH 2 PO*/KOH (pH5.8). 25 uM substrate (geranye diphosphate, (all-E)-farnesyl diphosphate, 
or (2Z, 6E)-furnesyl diphosphate), and 463 nM ["CHsopentenyl diphosphate (4 Ci/mo!e)/ml was reacted at 
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/5 



20 



25 



40 



55 -C for one hour, and the reaction mixture was extracted with m . * 

extract was used for assay of radioactivity. Z ZTZtln iT'^TT ° ne ml 0f ,he 

Phosphatase, extracted, and ana.yzed by TLC. A reZ "Tho^n S 5 ***** **" ^ 3Cid 
Plasmid pMalcGGl was used to transform E coli JMifK .' 
s P MalcGG1/JMl05. The transformant was cultured in Sg^tJI ? J° 35 t0 ° btain a dormant 
80% glycerol. 5g Na.HPO,. 10 g »*Q*^£^^™^ ^ veas. extract. 10 m, 
further cultured for 26 hours. MBP-GGDP synthase fusion n^ntl ^ ,h ° ex P ression by IPTG. and 

obtain 21 .8 mg of purified fusion protein ZTu^Z^r^T " d6SCribed abWe 80 as to 
protein wag produced was red to deep red color JTJSJZ?^ BP " GG ° P SynthaSe fusion 
» with brou, and ce., in which MBP a.one' was «p^^^SSS?" ^ * 

GGDP synthase activity of the MBP-GGDP c vnr h,^ * • 
measuring inorganic phosphate accoIg t ^ZeTS^^Z^ * 3,30 * 

33. 114 - 119). A reaction mixture contLng T^.^ S^"?* Biochem - 
mercaptoethanol. 50 nmole farnesyl diphosphate 50 nr»2 , ^ 50 mM NH * CI - 10 <™ 2- 
ug enzyme sample ,o be tested Zs t? " d f0r eXam " le 200 

Protein in the reaction mixture was dBn^^^fS^SlS^ *° °*.° * "» ** 
was neutralized with NaOH. and amounts of orfhMhSE^ k "* the su P e ™tent 

were .measured to determine enzyme activity. A TSZ^Ff^***™ * *" fe3Cti ° n mixtufe 

r^ing in change of the 2< 7 th amino acid l ys I ^^^Z^^^ 

resuming in change o, the 275th am'ino acid Met tl Va ' £ ^7^^" T t0 " G "' 

synthase fusion protein having a point mutation at the 27^h nl t S^one S-transferase GGDP 
derived from pGluTGGl Z enJ^Z^i Z^TT.^ ™ S ^ ^ 

On the other hand, where pGEX-3X (PhzZX? Slh9Sam ' 9 enzyme derived from pMalcGGl. 
Coning plasmid. in ^ r esut ^ZrT^2ZT^ h T ° f PMAU * 35 30 ex P ressi °" 
synthase fusion protein having the amino aci sCen C6 T • 9 ,utathione S-transferase GGDP 
pGluXGGf^erived fusion protein also ThLted th 6 T m f *" SEQ '° N0: 1 was ***•««• This 

protein. n a!so exn.bited the same enzyme activity as the pMalcGGl -derived fused 

Example 3. Production of oeranylgeranyl compound 

Fusion proteins which were expression DrodurR nf «^ k 
PMalcGGl. pGluTGGl and pGluXGGl « well af ^ ^e-mentioned expression products 

reacted with substrates (prime'rs). iTUXiS^pS'SS Were 
and (22. 6E) fumesyl diphosphate ([2Z. 6EHWteuSn ^"^^P^ate ffAII-EhFPP). 

.n ttis figure. "C" represents a protein £!T ""J* 7 " 

pGk.XGGl, and »E" represents a protein derived from pKgTw ^"T a P rotei " derived from 
w.th an affinity column, and "(d)" represents a reacts ilE^J" T^"' 5 3 ftl88d P rotein P«««ed 
pGluTGGl, and a product affiniUurifieT™ ^freated w^S ^-P""^ and ^ted with thrombin for 

According to the present fc^^CJ^^^*^ 1 " d PMa,CGG1 " 
aadocaldarius is provided. Recombinant cells ^k^ZI ? ,^** deriVed ,r0m Sulfolob "j 
centring said DNA fragment produce staVe^pecTa^the T m «?* Wmed ™* ™ 
d, P hosphate activity and geranylgeranyl diphosphate y therm ° Stab,e enz V me "aving geranylgerany. 
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SEQUENCE LISTINGS 
SEQ ID NO: 1 
Sequence Length: 993 
Sequence Type: Nucleic acid 
Strandnese : Double 
Topology: Linear 
Molecular type: Genomic DNA 
Source 

Organism: Sulfolobus acidocaldarius 
Sequence : 

ATG AGT TAC TTT GAC AAC TAT TTT AAT GAG ATT GTT AAT TCT GTA 
Met Ser Tyr Phe Asp Asn Tyr Phe Asn Glu lie Val Asn Ser Val 
5 10 15 

AAC GAC ATT ATT AAG AGC TAT ATA TCT GGA GAT GTT CCT AAA CTA 
Asn Asp lie lie Lye Ser Tyr He Ser Gly Asp Val Pro Ly6 Leu 

20 25 30 

TAT GAA GCC TCA TAT CAT TTG TTT ACA TCT GGA GGT AAG AGG TTA 
Tyr Glu Ala Ser Tyr Hie Leu Phe Thr Ser Gly Gly Lys Arg Leu 

35 40 45 

AGA CCA TTA ATC TTA ACT ATA TCA TCA CAT TTA TTC GGA GGA CAG 
Arg Pro Leu He Leu Thr lie Ser Ser Asp Leu Phe Gly Gly Gin 

50 55 60 

AGA GAA AGA GCT TAT TAT GCA GGT GCA CCT ATT GAA GTT CTT CAT 
Arg Glu Arg Ala Tyr Tyr Ala Gly Ala Ala He Glu Val Leu Hie 

65 70 75 

ACT TTT ACG CTT GTG CAT GAT GAT ATT ATG GAT CAA GAT AAT ATC 
Thr Phe Thr Leu Val His Asp Asp He Met Asp Gin Asp Asn He 

BO 65 90 

AGA AGA GGG TTA CCC ACA GTC CAC GTG AAA TAC GGC TTA CCC TTA 
Arg Arg Gly Leu Pro Thr Val His Val Lys Tyr Gly Leu Pro Leu 

95 100 105 

GCA ATA TTA GCT GGG GAT TTA CTA CAT GCA AAG GCT TTT CAG CTC 
Ala He Leu Ala Gly Asp Leu Leu his Ala Lyo Ala Phe Gin Leu 
110 115 120 



EP 0 674 000 A2 



70 



75 



20 



30 



35 



50 



TTA ACC CAG OCT CTT ACA GGT TTG CCA ACT GAA ACC ATA ATT AAG 
Leu Thr Gin Ala Leu Arg Gly Leu Pro Ser Glu Thr n. Ilt Ly8 

130 135 
OCT TTC GAT ATT TTC ACT COT ICA ATA ATA ATT ATA TCC GAA GGA 
Al. Phe Aap He Phe Thr Arg Ser lie n. Ile Ile Ser Q ^ 

140 14S 
CAG OCA GTA GAT ATG GAA TTT GAG GAC AGA ATT GAT ATA AAG GAG 
Gin Ala Val Asp Met Glu Phe Glu Asp Arg lie Asp He Ly8 olu 

165 

CAG GAA TAC CTT GAC ATG ATC TCA CGI AAG ACA GCT GCA TTA TTC 
ain Glu Tyr Leu Asp Met He Ser Arg Lye Thr AL Ala Leu Phe 

TCC TCA AGT AtA GGC GCA CTT ATT GCT GGT GCT AA T GAT 
«« Ala Ser Ser Ser lie Gly Ala ta Ile Aia cly ^ ^ 

185 190 195 

AAT GAT GTA AGA CTG ATG TCT GAT TTC GGT ACG AAT CTA GGT ATT 
A3n Asp Val Arg Leu Met Ser Asp Phe Gly Thr Asn Leu Gly He 

GCA TTT CAG ATT GTT GAC GAT ATC TTA GGT CTA ACA GCA GAC GAA 
Ala Phe Gin He Val Asp Asp He Leu Gly Leu Thr Ala Asp Glu 

215 220 225 

AAG GAA CTT GGA AAG CCT GTT TTT AGT GAT ATT AGG GAG GGT AAA 
Lys Glu Leu Gly Lys Pro Val Phe Ser Asp He Arg Glu Gly Lys 

230 235 
AAG ACT ATA CTT GTA ATA AAA ACA CTG GAG CTT TGT AAA GAG G^C 
Lys Thr lie Leu Val He Lys Thr Leu Glu Leu Cys Lys Glu Asp 

2t,S 250 
GAG AAG AAG ATT GTC CTA AAG GCG TTA GGT AAT AAG TCA GCC HI 
Glu Lys Lys He Val Leu Lys Ala Leu Gly Asn Lys Ser Ala Ser 

265 270 
AAA GAA GAA TTA ATG AGC TCA GCA GAT ATA ATT AAG AAA TAC TCT 
Lys Glu Glu Leu Met Ser Ser Ala Asp He lie Lys Lys Tyr Ser 
275 "0 2es 

TTA GAT TAT GCA TAC AAT TTA GCA GAG AAA TAT TAT AAA AAT GCT 
Leu Asp Tyr Ala Tyr Asn Leu Ala Glu Lys Tyr Tyr Lys Asn Ala 
290 



405 



450 



495 



540 



585 



630 



675 



720 



765 



810 



855 



900 
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ATA GAC TCT TTA AAT CAA GTC TCC TCT AAG AGT CAT ATA CCT GGA 94 5 

He Asp Ser Leu Asn Gin Val Ser Ser Lys Ser Asp He Pro Gly 

305 310 315 

AAG GCT TTA AAA TAT CTA GCT GAA TTT ACG ATA AGA AGG AGA AAA 990 
Lys Ale Leu Lys Tyr Leu Ala Glu Phe Thr He Arg Arg Arg Lys 

320 325 330 

TAA 
TER 

SEQ ID NO: 2 
Sequence Length: 26 
Sequence Type: Nucleic acid 
Strandness : Single 
Topology: Linear 
Molecular type: 
Sequence: 

CGCGGATCCA TGAGTTACTT TGACAA 2 6 
SEQ ID NO: 3 
Sequence Length: 25 
Sequence Type: Nucleic acid 
Strandness : Single 
Topology: Linear 
Molecular type: 
Sequence: 

GGGAATTCTT ATTTTCTCCT TCTTA 25 



DNA coding for thermostable geranylgeranyl diphosphate (GGDP) synthase derived from Sulfolobus 
acidocaldarius is provided. The DNA is useful for production of GGDP synthase, which is, in turn, useful for 
production of GGDP. 

Claims 



1. DNA coding for geranylgranyl diphosphate synthase (GGDP synthase) of Sulfolobus acidocaldarius 
origin. 

2. DNA according to claim 1 , wherein the enzyme consists essentially of the amino acid sequence shown 
in SEQ ID NO: 1. 

3. DNA according to claim 1 , wherein the DNA consists essentially of the nucleotide sequence shown in 
SEQ ID NO: 1. 

4. A recombinant vector comprising DNA according to claim 1 and DNA region having a function to 
regulate the expression of said DNA. 

5. Recombinant microbial cell which is transformed with a recombinant vector according to claim 4. 
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a A process for production of geranylgranyl diDhosohatP (Gnno\ 

recombinant microoia. ce., according ^claL fS^^iSZ^S ^ ° f ^ 

- 9 - -r;,o°c.r^ 

dtoffhyfaly, diphosphate, gerany, ^X^Z^T^T " iS ° Pemenyl 

10. A process for production of GGDP, comnrisina r<>artinn a « «o 

process according to daim 7 with a suEltfe seS Torr 6 "^ 6 "** nee ° bteined b * a 
- diphosphate, dimethyl diphosphate, gerany, di^teTd ^SZSSS° " 
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Fig. 3 
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Fig. 6 
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Fig. 6 
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